The thermodynamic and kinetic parameters of triplex formation between four purine-rich oligonucleotides and a 22 bp pyrimidine·purine tract in the promoter region of the c-src gene were determined by fluorescence polarization studies. Three of these four oligonucleotides were 11 nt in length, corresponding to the left, central or right portion of the tract, while the fourth was a 22mer covering the whole tract. Binding constants (K a ) were measured as a function of Mg 2+ concentration (0-10 mM) and temperature (0-41_C). In 10 mM Mg 2+ , K a for the left, central and right 11mers were 0.26, 0.75 and 1.4 × 10 8 /M, respectively, while for the 22mer the value was 1.8 × 10 8 /M at 22_C. Under the same conditions, K a was estimated by an electrophoretic band shift technique. The agreement between the two methods was acceptable for the 22mer but not for the 11mers. Kinetic measurements demonstrated that the rate of dissociation of the 22mer from the triplex was significantly slower than that of the 11mers, providing an explanation for the observed discrepancy. The entropy and enthalpy of triplex formation were calculated from van't Hoff plots. In all cases the entropy was favourable, especially for the 22mer and for the 11mer with the lowest guanine content. The enthalpy was unfavourable for the 22mer and most favourable for the 11mer with the highest guanine content. These results provide a thermodynamic explanation for length and sequence effects on the formation of purine·pyrimidine·purine triplexes.
INTRODUCTION
The thermodynamics of duplex formation have been welldocumented (1) (2) (3) (4) (5) (6) . On the other hand, triplexes have received much less attention and inconsistencies are apparent in the reported values of some thermodynamic parameters (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Nor can the underlying principles of triplex formation be deduced from the behaviour of duplexes, because in many cases their properties are very different. For example, duplexes are stabilized by monovalent cations, whereas pyr·pur·pyr triplexes containing a large proportion of C·G·C + base triads are destabilized by increasing the ionic strength (19) (20) (21) (22) (23) (24) (25) (26) . Similarly, the formation of pur·pyr·pur triplexes is inhibited by K + and depends on the presence of a divalent cation; requirements which do not apply to duplexes (27) (28) (29) (30) . Yet understanding the thermodynamics of triplex formation is important for the rational design of oligonucleotides for use in antigene therapeutic applications (31 and references therein). For this reason, we have studied the interaction between oligonucleotides and a 22 bp pyr·pur tract (named TC1) which occurs in the promoter region of the c-src human proto-oncogene (32) .
The human c-src gene is the normal homologue of the transforming gene of Rous sarcoma virus (32) . The c-src gene encodes a non-receptor tyrosine kinase, pp60 c-src , a member of a group of several closely related enzymes that are activated in a number of human cancers (33, 34) . Analysis of the promoter region of the c-src gene has shown that it contains four pyr·pur tracts within ∼120 bp and this region is critical for promoter activity (32) . Mutation or disruption of these tracts, including TC1, leads to significant reductions in the level of transcription (K. Bonham, unpublished) . Therefore, TC1 is a potential target for the binding of oligonucleotides to modulate the activity of this gene. In this report, the binding of eight oligonucleotides to a TC1 duplex was assessed by fluorescence polarization. The relevant sequences are shown in Figure 1 . The modelled pyr·pur duplex was flanked by four GC-rich base pairs at each end to minimize the likelihood of forming alternative structures. All of the oligonucleotides were labelled with fluorescein at the 5′-end. We used an antiparallel 22mer purine (Aap) that spans the whole of TC1, three antiparallel 11mer purines that correspond to the sequence of the left (AapL), center (AapCen) and right (AapR) portions of TC1 and another 11mer of the same sequence as AapR except that all adenosines were substituted by thymines (TapR). The above sequences are all in antiparallel orientation with respect to the purine strand of the duplex. Three other 11mers with a parallel orientation corresponding to the right end of the duplex were studied; the purine 11mer ApRR and two pyrimidine 11mers TCR and TmCR, the latter containing 5-methylcytosine.
In general, the binding of oligonucleotides to duplex DNA has been studied by band shift techniques or by chemical modification (35, 36) . Unfortunately, in these methods the amount of triplex formation cannot be measured under equilibrium conditions, so that binding or kinetic parameters can only be estimated and comparisons between different sequences or counterions become difficult. On the other hand, fluorescence polarization measurements can be performed under equilibrium conditions. The polarization of the fluorescein-labelled oligonucleotides is determined by the size of the molecule to which the fluorescein is attached (37) . Therefore, upon triplex formation with the larger duplex the polarization increases. By titrating the oligonucleotide with increasing concentrations of duplex, isotherms can be constructed from which binding parameters can be extracted (38) (39) (40) (41) . The technique is rapid, versatile and can be performed at various temperatures so that thermodynamic and kinetic information is also available.
MATERIALS AND METHODS

Oligonucleotides
All oligonucleotides were purchased from the Regional DNA Synthesis facility of the University of Calgary. They were gel purified before use. Where applicable the fluorescein label was introduced at the 5′ position with Pharmacia Fluoroprime™. The TC1 duplex was annealed in 20 mM HEPES, pH 7.0, 10 mM NaCl. The ethidium fluorescence assay was used to ensure complete duplex formation as described previously (42) .
Triplex formation
Fluorescence polarization studies were performed with a bioluminescent polarimeter (PanVera Corporation). A fixed concentration of fluorescein-labelled oligonucleotide (2 nM) in 1 ml standard buffer (20 mM HEPES, pH 7.0, 10 mM NaCl with 0-10 mM Mg 2+ ) was titrated against increasing concentrations of TC1 duplex. The millipolarization value (mP) was measured at equilibrium (usually within 30 min). The association constant (K a ) was determined by fitting the data to the single site binding isotherm
The correlation coefficient (r 2 ) was >0.9 in all cases.
Band shift assay
The duplex target TC1 was annealed from single-stranded oligonucleotides in 10 mM Tris-HCl, pH 8.0, 1 mM EDTA and 100 mM NaCl at 100_C followed by slow cooling to room temperature. Duplexes were labelled with [α-32 P]dCTP using Klenow fragment followed by purification on Stratagene push columns.
Binding reactions containing oligonucleotides in the standard buffer with 10 mM Mg 2+ were heated to 65_C for 10 min and quickly cooled before being annealed to the labelled duplex target. Typical reactions consisted of oligonucleotides (0.135-13.5 pmol) in 0 and 100 times molar excess over the duplex (0.135 pmol, 50 000 c.p.m.). Following incubation at room temperature for 2 h, the products were resolved on a 12% polyacrylamide gel for 1450 V h (100 V for 14.5 h) in standard buffer with 10 mM Mg 2+ . The gel was visualized by autoradiography. The percent of total duplex target bound by the oligonucleotide in each lane of the band shift assay was quantified by densitometry analysis and calculated as follows: % triplex DNA = triplex band density/(triplex band density + duplex band density).
The data were curve fitted to evaluate the equilibrium K a as follows:
Thermodynamic parameters
The value of the free energy at 25_C was evaluated from ∆G_ 25 = -298·RlnK a , where R is the universal gas constant. K a was measured at six different temperatures between 0 and 41_C. lnK a = -(∆H_/RT) + (∆S_/R) 3 Therefore, the slope of a plot of lnK a versus 1/T (van't Hoff plot) yields ∆H_ (the standard enthalpy change).
Kinetic parameters
The kinetics of triplex formation at 20_C was monitored by adding a 5-fold excess of duplex to a fluorescein-labelled oligonucleotide at three different concentrations of Mg 2+ , 2, 5 and 10 mM. The first mP value was measured within 20 s and then every 15 s thereafter. In every case, the rate of formation could be fitted with a single exponential expression of the following type (11) :
where y is the fraction of triplex formed, x is the time in seconds, a is the amplitude of the interaction and t ½ denotes the time required to form 50% of the triplex.
RESULTS
Triplex formation was assessed by steady-state fluorescence polarization studies as shown in Figure 2 for four of the oligonucleotides. For each Mg 2+ concentration, the concentration of duplex required to reach the mid-point of the change in mP value is ∼1/K a . Therefore, some differences in the binding of the oligonucleotides are apparent from visual inspection and the values of K a determined from 1 are given in Table 1 . For example, since the curves for Aap are displaced to the left compared with AapL, the former has the higher binding constant. Similarly, within the 11mers the order is AapR > AapCen > AapL at every Mg 2+ concentration and this order follows the guanine content of the oligonucleotides; 8, 7 and 6, respectively. As well, the 22mer Aap shows significant binding even at 0.1 mM Mg 2+ , whereas the other three 11mers require higher concentrations. Two important controls were performed. First, there was no significant increase in mP value for any of the antiparallel oligonucleotides in the presence of calf thymus DNA. Second, the parallel 11mer homologous to the right end of the TC1 tract (ApRR) also showed no binding to the TC1 duplex under these conditions. Therefore, binding requires the correct orientation and sequence homology between the purine oligonucleotide and the pyr·pur tract. Three pyrimidine-containing oligonucleotides were also investigated, namely TapR (TG-containing), TCR (TC-containing) and TMCR (Tm 5 C-containing), which were designed to bind to the right side of the TC1 tract (Fig. 1) . None of these gave rise to a significant increase in mP value at the highest concentration of duplex which could be tested. Therefore, K a is <10 6 /M under the standard conditions. However, it should be noted that the fluorescence of fluorescein is quenched below pH 7, so that TCR and TMCR cannot be tested at low pH, conditions under which they would be expected to bind (30) .
Binding of the four antiparallel purine oligonucleotides to TC1 was also assessed by a band shift assay in the standard buffer with 10 mM Mg 2+ (14) . As shown in Figure 3a , the presence of the 22mer Aap causes a reduction in the mobility of the TC1 duplex and triplex formation is essentially complete when the 22mer is in 20-fold excess. As described previously (14) , K a can be estimated from this data and was found to be 4 × 10 7 /M. This value is ∼5-fold lower than was obtained by fluorescence polarization (Table 1) . Band shifts for the 11mers AapR and AapL are shown in Figure 3b . In both cases the change in mobility on triplex formation is much less than with the 22mer and is only observed at the highest concentration of oligonucleotide. The 11mer AapCen gave similar results (data not shown). The K a values were estimated to be of the order of 10 5 /M, or about two Table 1) .
The thermodynamics of triplex formation in 10 mM Mg 2+ were investigated by measuring K a as a function of temperature. The resulting van't Hoff plots are shown in Figure 4 . For the 22mer the slope is negative, whereas the 11mers all have positive slopes. The calculated thermodynamic parameters are listed in Table 2 . It is clear that in all cases, a favourable entropy term is important for driving triplex formation, especially for the 22mer, for which the enthalpy is actually unfavourable. AapR, which contains eight guanine residues, has the most favourable enthalpy compared with AapCen (seven guanines) and AapL (six guanines). The rate of triplex formation at three different Mg 2+ concentrations was also measured by fluorescence polarization. As shown in Figure 5 , at 2 mM Mg 2+ formation of the triplex by the 22mer is much slower than for the 11mers. In all cases the t ½ decreases with increasing Mg 2+ (Table 3) . Amongst the 11mers, AapR, which has the highest guanine content, has the fastest on rate. 
DISCUSSION
In 10 mM Mg 2+ , binding constants were measured by both fluorescence polarization and by band shift techniques. For the 22mer the agreement between the methods was acceptable, although the K a from the band shift assay gave the lower value; for the 11mers, on the other hand, the band shift technique underestimated the K a by ∼2 orders of magnitude. The simplest explanation for this discrepancy is that the complex dissociates during the gel run, which takes many hours. The measured rate constants would also support this view. Since K a is the ratio K on /K off , it can be calculated that the off rate for the 22mer is much slower than for the 11mers, so that dissociation during the gel run is more evident for the shorter oligonucleotides. Fluorescence polarization does not suffer from this problem because binding parameters are measured under equilibrium conditions. The rate of complex formation is not only determined by length but also by the sequence of the 11mers. The fastest on rate is for Aapr, which has the highest guanine content. In general, G-rich oligonucleotides have strong stacking interactions which may lead to an ordered structure (35) . The purine residues of the third strand are also stacked and ordered in the triplex. Therefore, complex formation may require less rearrangement of the purine strand if it is G-rich, leading to a faster on rate.
The binding constant can also be considered in terms of enthalpy and entropy. For the 11mers, the enthalpy is again correlated with guanine content. As discussed above, this is most likely due to stronger stacking interactions in the triplex for G-rich oligonucleotides. On the other hand, the entropy term becomes less favourable with higher guanine content. Stacking interactions may also provide the explanation, since a G-rich oligonucleotide will already be well ordered in the unbound state. The net result of this enthalpy/entropy compensation is that the binding constant as a function of guanine content varies by less than an order of magnitude.
For the longer oligonucleotide, the enthalpy is unfavourable and the reaction becomes entropy driven. This may be due to considerable self-structure within the 22mer which must be disrupted before complex formation can occur. The slow on rate is consistent with this idea, as is the high entropy of complex formation. The net result is that a longer polymer does not show a considerable increase in binding constant, as would be expected in the case of duplex formation. Indeed, longer polymers may show a decrease in binding constant. For example, for oligopurines targeted to the c-K-ras promoter, binding constants for a 20mer and 30mer were 2.5 × 10 7 and 4 × 10 6 /M, respectively (43) . Therefore, a polymer of ∼20 nt may be optimal in terms of binding affinity.
In conclusion, we have demonstrated that fluorescence polarization is an excellent technique for measuring thermodynamic and kinetic parameters. In comparison, band shift techniques tend to underestimate binding constants, especially for shorter oligonucleotides. It was found that there is enthalpy/entropy compensation as a function of both length and guanine content of the oligonucleotide. Therefore, there is an apparent upper limit for the binding constant to this tract in the c-src promoter of ∼10 8 /M, which may limit the usefulness of oligonucleotide-directed gene therapy.
